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The dominant influence of indian
ocean dipole-like ocean
warming on decreased
precipitation over eastern East
Antarctica

Hyun-Ju Lee and Emilia Kyung Jin*

Division of Glacial and Earth Sciences, Korea Polar Research Institute (KOPRI), Incheon, Republic of
Korea

East Antarctica is undergoing a noticeable decrease in precipitation, significantly
impacting ice mass loss. However, there is a lack of research on the
underlying factors behind this change. This study highlights that on an
interannual timescale, the precipitation variations in Eastern East Antarctica
(EEA) are predominantly influenced by the Indian Ocean Dipole mode (IOD)
compared to other climate variabilities like the Southern Annular Mode (SAM), El
Niño–Southern Oscillation (ENSO), and north Atlantic variability. Through trend
analysis of each climate variability, we confirmed that the observed decrease
in EEA precipitation can be attributed to positive IOD-like ocean warming. A
positive SAM trend also contributed to specific Wilkes Land and Queen Mary
Land regions. Despite these influence on long-term trend, the relationship
between IOD and EEA precipitation exhibits sporadic changes on interdecadal
timescales. Notably, the apparent negative correlation between the two declined
to insignificance in the early 2000s, only to re-establish a significant negative
correlation by the early 2010s. The primary driver of this change is the
inconsistent propagation of waves originating from the Indian Ocean. During
periods of high correlation, these waves propagate southeastward, inducing
a robust low-pressure anomaly near Victoria Land, ultimately leading to
decreased EEA precipitation. However, during periods of low correlation, the
waves move eastward and fail to alter the circulation anomalies near East
Antarctica.

KEYWORDS

eastern east Antarctica (EEA), decreased precipitation trend in EEA, positive IOD-
like ocean warming, interdecadal change in the relationship between IOD and EEA
precipitation, changes in teleconnections

1 Introduction

Since 2003, observation from GRACE satellites has indicated a significant decline
in recent ice mass trends, primarily attributed to global warming (Shepherd et al., 2018;
Rignot et al., 2019). This decline is not confined to the heavily affected regions of West
Antarctica but also extends to Eastern East Antarctica (EEA) (Medley and Thomas, 2019;
Stokes et al., 2022). In EEA, the decrease in ice mass is not driven by the ice discharge,
known as the prevalent ice loss in West Antarctica (Parizek et al., 2013; Paolo et al., 2015),
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FIGURE 1
Trend map of annual-mean precipitation (shaded, mm) and 500-hPa
geopotential height (contour, at intervals of 3 m) across high latitudes
in the Southern Hemisphere from 1979 to 2022. The green dotted
pattern indicates statistically significant area of precipitation at the
90% confidence level.

but rather by a decrease in surface mass balance (SMB) due
to decreased precipitation in that region, where ice discharge
contributes positively to ice mass (Medley and Thomas, 2019).
Analyzing ERA5 reanalysis precipitation data from 1979 to 2022, a
duration surpassing the GRACE observation period, also indicates
a significant decreasing trend in the EEA region (Figure 1).
Although the decrease in precipitation is apparent, it has not
garnered substantial attention, possibly due to its slower pace
compared to the rapid decline observed in West Antarctica. To
comprehensively understand Antarctica’s climate, it is necessary
to identify the primary climate factors that regulate precipitation
changes over EEA.

The primary climate variabilities influencing the Antarctic
climate include the Southern Annular Mode (SAM), El
Niño–Southern Oscillation (ENSO), Indian Ocean Dipole
mode (IOD), and the North Atlantic variability. In its positive
phase, SAM induces a dipole precipitation anomaly in West
Antarctica and spatially uniformed precipitation decrease in East
Antarctica (Clem and Fogt, 2013; Marshall et al., 2017). ENSO
predominantly influences precipitation anomaly in West Antarctica
(Bromwich et al., 2000). These well-known variabilities affect
the mass of ice sheets (King et al., 2023), sea ice (Yuan, 2004;
Crosta et al., 2021), ice-shelf basal melting (Verfaillie et al., 2022),
and atmospheric rivers (Pohl et al., 2021; Shields et al., 2022) across
various regions of Antarctica. Conversely, the impact of IOD is
relatively less understood. In EEA, the positive phase of IOD leads
to a negative precipitation anomaly (Nuncio and Satheesan, 2014)
and a positive sea ice anomaly in summer and winter (Feng et al.,
2019). While the climate variability also affects the sea ice variability
in West Antarctica, its impact is less pronounced than ENSO
(Kim et al., 2023). On an interdecadal timescale, IOD ismore closely

linked to surface temperature anomalies in Princess Elizabeth
Land in EEA than the Antarctic Oscillation and Interdecadal
Pacific Oscillation (Ekaykin et al., 2017). Recently, the impact of
the Atlantic on the Antarctic climate has come to light. Variability
in sea surface temperature in the North and tropical Atlantic
Ocean has been found to lead to an anomaly in the Amundsen
Sea Low (ASL) (Simpkins et al., 2014), resulting in sea ice variation
in West Antarctica (Li et al., 2014; Ren et al., 2022). However, while
elucidated, the impact of these four climate factors is predominantly
confined to West Antarctica, with limited research on their impact
on East Antarctica.

Therefore, to comprehend the unexplored variations in
precipitation in East Antarctica, this study investigates the
influence of these climate variabilities on precipitation in EEA
and assesses their relative impacts. To achieve this goal, we
first explore the relationships between climate variabilities and
EEA precipitation from an interannual variability perspective.
Additionally, we evaluate the impact of the trends of these
climate variabilities on the recent decline in EEA precipitation.
Given sporadic changes in the relationship between equatorial
variability and Antarctic climate, we also aim to uncover
variations in the relationships between climate variabilities
and precipitation, and, if identified, to elucidate the possible
underlying causes.

2 Data and methods

This study utilized monthly sea surface temperature (SST)
data from the Met Office Hadley Center SST dataset (HadISST)
version 1.1 covering the period 1948 to 2022. Additionally, monthly
atmospheric data, including precipitation, was obtained from the
European Centre for Medium-Range Weather Forecasts (ECMWF)
through the ERA5 reanalysis for 1979 to 2022, and all variables
were annually averaged. The time series of EEA precipitation
was calculated by spatially summing the precipitation over the
region depicted by the purple line in Figure 3B, corresponding
to Antarctic Basin 12–14 as defined by Zwally et al. (2012). The
SAM index from 1957 to 2022 was obtained from the NCAR-
UCAR Climate Data Guide (Marshall, 2003). The IOD time series
was derived as the difference between the domain-averaged SST
over the western pole of the Indian Ocean (WIOD; 50°–70°E,
10°S–10°N) and the domain-averaged SST over the eastern pole of
the Indian Ocean (EIOD; 90°–110°E, 10°S–0°). The Niño3.4 index
was calculated as the SST averaged over the domain of 170°–120°W,
5°S–5°N; while the North Atlantic variability, representing the
Atlantic Multidecadal Oscillation (AMO) index, was obtained
by averaging the SST over the domain of 70°–10°W, 0°–70°N.
The SAM, IOD, Niño3.4, and AMO indices were detrended and
normalized for the regression analysis. The regression for the
highly correlated IOD and Niño3.4 involved partial regression to
eliminate the effects of each other.The significance of the regression
coefficients was assessed using a two-tailed Student’s t-test, and the
significance of Pearson correlation coefficients was verified using
the p-values. The sliding correlation coefficient was computed to
identify temporal change in the relationship between two variables,
with the trends in the time series of each variable removed for
each window prior to calculation. Additionally, for visualizing
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the wave propagation, the wave activity flux (WAF) was used
following Plumb (1985) as follows:

Fs = pcosϕ(
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Where a denotes the earth radius; λ and ϕ represent
longitude and latitude, respectively; ψ is a streamfunction; p
is pressure/1000 hPa; and the prime is a derivation from the
zonal mean.

3 Results

Figure 2 displays the time series of the variabilities since
industrialization (black lines). The SAM has exhibited a positive
trend in response to greenhouse gas increase (Figure 2A). However,
the trend is weakened by recent ozone recovery (Son et al., 2009),
and it shows considerable interannual variability. The IOD and
the AMO, without the removal of trends, consistently show a
steady linear warming trend (Figures 2B,D). The SST of the Indian
Ocean has risen by approximately 1.05 K and 0.66 K in the western
and eastern Indian Ocean, respectively, until recently, at rates of
0.014 K yr–1 and 0.009 K yr–1. This exceeds the increases observed
in the AMO, which were 0.59 K, significantly surpassing the
equatorial average SST rise of 0.62 K. The greater warming of the
eastern Indian Ocean than the western Indian Ocean induces a
positive IOD-like warming (Cai et al., 2009; Cai et al., 2013). This
warming is attributed to the mean state change in response to
increased greenhouse gases. (Cai et al., 2013; Zheng et al., 2013).
Conversely, the Niño3.4 exhibits sizeable interannual variability
rather than a discernible trend (Figure 2C), while the AMO displays
pronounced interdecadal variability compared to interannual
variability (Figure 2D).

Figure 3 presents regression maps of the precipitation and
circulation for each factor to identify the impact of climate factors
on EEA precipitation changes. The SAM not only induces zonally
symmetric circulation anomalis but also generates anomalous low-
pressure circulation near West Antarctica, leading to a significant
dipole-like pattern of precipitation anomalies in the region
(Figure 3A). In contrast, its impact on EEA is limited, inducing
a relatively small decreased precipitation anomaly in specific
areas of Wilkes Land and Queen Mary Land. In the regression
maps for the IOD and Niño3.4, with their mutual influences
removed (Figures 3B,C), the IOD triggers anomalous low-pressure
circulation in the seas off Victoria Land and southerly over the
EEA region, resulting in a negative precipitation anomaly across the
region due to dry air transport. If the influence of the Eastern Pacific
is not removed, the precipitation anomaly becomes weaker (not
shown) (Nuncio and Satheesan, 2014). This relationship between
IOD and the decrease in EEA precipitation is more pronounced
from boreal late spring to early winter when the IOD is stronger,
whereas during weaker seasons, the relationship appears to be
weaker (not shown). Meanwhile, variations in Niño3.4 induce
anomalous high-pressure circulation near the Amundsen Sea,
resulting in a positive precipitation anomaly between 110° and

FIGURE 2
Time series of (A) SAM, (B) IOD, including the SSTs in the WIOD and
EIOD regions, (C) Niño3.4, and (D) AMO indices. All time series and
trend slopes except for the SSTs of WIOD and EIOD, depicted by grey
lines, are represented by black lines. Blue lines indicate the slopes
utilized in the regression analysis for 1979–2022. The values of these
slopes are displayed adjacent to the panels, with corresponding colors
for each period and variable. Except for the Niño 3.4 index, which
shows non-significance for two periods, the trends in all variables are
significant at the 99% confidence level.

170°E and a negative precipitation anomaly between 60° and
110°E in EEA. Additionally, the AMO has a pronounced influence
on precipitation anomaly in West Antarctica rather than East
Antarctica (Figure 3D). These finding suggest that the primary
drivers of precipitation change in EEA are the IOD and Niño3.4. In
contrast, the influences of SAM and AMO are more pronounced in
West Antarctica.

We aim to extend our examination of the relationship between
climate factors and precipitation from their interannual connection
to long-term variability or trends. This method is widely used
to investigate the impact of long-term variabilities (Li et al., 2014;
Dou and Zhang, 2023a). To gauge the impact of each climate
factor on the decreasing trend of precipitation, we examined the
trend of each factor during the analysis period from 1979 to
2022 (blue lines in Figure 2). Throughout this period, the SAM,

Frontiers in Earth Science 03 frontiersin.org

https://doi.org/10.3389/feart.2024.1387809
https://https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Lee and Jin 10.3389/feart.2024.1387809

FIGURE 3
Regression maps of precipitation (shaded, mm) and 500-hPa geopotential height (contour, at intervals of 6 m) anomalies onto the climate factors, (A)
SAM, (B) IOD, and (C) Niño3.4 and (D) AMO indices for the period of 1979–2022. After removing their correlation, the regressions for IOD and Niño3.4
were depicted as a partial regression. Green dotted and hatched patterns represent statistically significant areas of precipitation anomaly at the 95%
confidence level and geopotential height anomaly at the 90% confidence level, respectively. The basin boundary of EEA is indicated as a purple line in
(B).

IOD, and AMO exhibited distinct positive trends. In contrast, the
Niño3.4 index exhibited a negative trend, though not statistically
significant. The greater influence of IOD on the EEA precipitation
on interannual timescale suggestes that the significant positive IOD-
like warming trend possibly played a major role in driving the
decreasing precipitation trend in EEA. Additionally, the positive
SAM trend might have contributed to the trend, albeit in a limited
area.This suggests that the influence of the IOD-like ocean warming
on the EEA precipitation trend is paramount among all other
climate factors.

However, the correlation between IOD and EEA precipitation
appears inconsistent on an interdecadal timescale. In the time series
of IOD and EEA precipitation (Figure 4A), it is evident that from
1979 until the early to mid-2000s, the two variables exhibited a clear
negative correlation. Subsequently, the correlation diminished, and
from a mean state perspective, the IOD SST warmed compared to
before (solid line in Figure 4A). Simultaneously, the precipitation

decreased (dashed line in Figure 4A), albeit they recovered again
recently. To quantitatively assess this change, we presented the
running correlation coefficient. In Figure 4B, it was observed that
from the early to mid-2000s, the negative correlation evident in
both the 11-year and 21-year running windows sharply diminished
to insignificant levels, with the correlation even transitioning to
positive in the 11-year window. Subsequently, it has approached
a significant negative correlation again recently. Additionally,
concerning the relationship between EEA precipitation and other
climate variabilities (Figure 5), it can be observed that, aside
from Niño3.4, which showed a significant positive correlation
approximately from the early 1990s to the early 2000s (Figure 5B),
sporadic, short-lived significant levels were reached with SAM
and AMO (Figures 5A,C). However, no consistent correlation is
generally evident.

Previous studies have extensively documented the inconsistent
interdecadal to multidecadal changes in the relationship between
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FIGURE 4
(A) Time series of IOD (solid line, K) and precipitation summed over
the EEA basin (dashed line, Gton) with trend from 1979 to 2022. (B)
The 11-year (red line) and 21-year (orange line) running correlation
coefficients between IOD and EEA-basin-summed precipitation, with
the impact of the Niño3.4 removed. The trends of the variables were
eliminated in the window before calculating the correlation. Note that
the y-axis is reversed in (B). The dashed lines in (B) represent the 95%
significance level correlations.

equatorial variability and the Antarctic climate. For instance,
the relationship between ENSO and sea ice in West Antarctica
shifted from negative to positive in the late 1990s, declining to
an insignificant level by the early 2000s (Dou and Zhang, 2023b;
Lim et al., 2023). Moreover, there are sporadic changes in the
correlation between ENSO and precipitation in West Antarctica
(Genthon and Cosme, 2003). The root cause of these changes
seems to stem from the varying relationship over time between
the East Pacific variability and the Low in the Amundsen-
Bellingshausen Seas, driven by changes in teleconnection patterns
(Clem and Fogt, 2013). Recent findings suggest that the weakened
teleconnection is attributed to the decreased sensitivity of SST in
the Tasman Sea to ENSO (Dou and Zhang, 2023b; Sun et al., 2023).
Similarly, the change in the relationship between IOD and EEA
precipitation may also be attributed to changes in teleconnection.
This study confirmed teleconnection changes by examining Rossby
wave propagation. Figure 6 shows regression maps of SST and
atmospheric variables during the entire analysis period, a high
negative correlation from 1992 to 2012, and a low correlation
from 1998 to 2018, based on the running correlation, although
there is some overlap between the two divided periods. During
the high correlation period, the low-pressure anomaly in the seas
off Victoria Land, evident throughout the entire analysis period,
is clearly shown, along with a negative precipitation anomaly
observed in EEA (Figure 6B). However, during the low correlation
period, this low-pressure anomaly becomes insignificant. A weak
dipole-like precipitation anomaly appears in EEA, with a negative
anomaly around 120°−170°E and a positive anomaly around

FIGURE 5
Same as Figure 4B, but for correlations between EEA-basin-summed
precipitation and (A) SAM, (B) Niño3.4 with the IOD effect removed,
and (C) AMO indices.

70°−120°E (Figure 6C). In the SST regression, no notable differences
between the two periods are observed. However, it is worth noting
that a positive SST anomaly south of the Indian Ocean shifted
slightly westward during the low-correlation period (Figure 6F).
Meanwhile, the WAF, illustrating wave propagation, indicates
robust differences in teleconnection between the two periods
(vectors in Figures 6D−F). During periods of high correlation,
waves originating from the southern coast of Australia propagate
southeastward, inducing a robust low-pressure anomaly near the
seas off Victoria Land, similar to the entire period (Figure 6E).
However, during the low correlation period, waves from the exact
location propagate eastward, extending the wave to the Antarctic
Peninsula instead of inducing an anomalous low-pressure near
Victoria Land (Figure 6F). This leads to a pronounced low-pressure
anomaly near the Antarctic Peninsula, resulting in a significant
negative precipitation anomaly in West Antarctica. The SST
condition of the Tasman Sea known to regulate wave propagation
related to ENSO teleconnection (Dou and Zhang, 2023b; Sun et al.,
2023), appears to have little influence on the teleconnection
of the IOD.
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FIGURE 6
(A−C) Regression maps of precipitation (shaded, mm) and 250-hPa geopotential height (contour, at intervals of 6 m) anomalies, and (D−F) regression
maps of SST (shaded, K), 250-hPa geopotential height (contour, at intervals of 6 m), and 250-hPa WAF (vector, m2 s−2, less than 0.01 m2 s−2 and the
North Hemisphere are omitted) anomalies, onto the IOD index with the Niño3.4 effect removed, for the period of (left) 1979–2022, (mid) 1992–2012,
and (right) 1998–2018. Green dotted in (A−C) and (D−F) are statistically significant areas of, respectively, precipitation and SST anomalies at the 95%
confidence level; the hatched pattern represents statistically significant areas of geopotential height anomaly at the 95% confidence level.

4 Summary and discussion

This study investigated the impacts of four climate variabilities,
known influencers of Antarctic climate, on precipitation changes
in EEA to understand the cause of decreased precipitation
responsible for the ice mass loss. Regression analysis on
interannual timescales revealed that the IOD significantly impacts
the decreased precipitation in most regions of EEA. At the
same time, SAM induces a precipitation decrease in specific
areas of Wilkes Land and Queen Mary Land within EEA.
Conversely, the influence of ENSO and AMO is negligible.
This suggests that the positive trend of IOD may serve as a
primary driver of the declining EEA precipitation trend amid
notable trends during the analysis period, including the positive
SAM, IOD, and North Atlantic trends. Ultimately, it indicates
that the positive IOD-like ocean warming, linked to increased
greenhouse gases, could have contributed to decreased EEA
precipitation.

However, examining the temporal changes in the relationship
between IOD and EEA precipitation reveals an inconsistent
correlation. Their relationship exhibits a significant negative
correlation from the late 1980s, declines to insignificance in the
early 2000s, and is currently resurging toward a significant negative

correlation. This fluctuation, occurring over an interdecadal
timescale, is attributed to variations in teleconnections. During
periods of high correlation, waves originating near the IndianOcean
propagate southeastward, inducing low-pressure anomaly near EEA
and consequent decreased precipitation in the region. Conversely,
during the period of low correlation, the waves move eastward
and extend to West Antarctica, generating weak precipitation
anomaly in EEA and significant negative precipitation anomaly
in West Antarctica. Although further research is needed for a
deeper understanding, we can speculate on the potential causes
of the change in the Rossby wave propagation. Examination of
the regression maps between the two periods reveals a shift in the
position of the positive SST anomaly in the southern Indian Ocean.
This shift can potentially induce changes in atmospheric diabatic
heating, initiating the onset of the Rossby wave. Additionally,
changes in the atmospheric mean state may contribute to changes in
the wave propagation. The subtropical jet and Hedley cell has been
reported to change due to climate change and long-term variabilities
(Martin andThorncroft, 2014; Patterson et al., 2021). Comparing the
wave propagation between the two periods, where similar starting
points of the waves are observed but different propagation patterns,
the altered mean state is expected to exert a primary influence on
the change.
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Additionally, the SAM, which is predicted to have a positive
trend in future climates due to greenhouse gas increase, has recently
begun to show a positive correlation with EEA precipitation (Figure
5A). Although it is uncertain how long this correlation will persist,
if it does, the positive SAM trend is expected to mitigate the extent
of EEA precipitation decrease induced by the positive IOD trend.

Furthermore, as previously noted, from the early 2000s to
the early 2010s, a period of low correlation, there has been a
notably negative correlation between IOD and precipitation in
West Antarctica (Figure 6C). A study by Dou and Zhang (2023b)
indicated a diminished impact of ENSO on sea ice in West
Antarctica, reaching an insignificant level, during a similar period.
This suggests that IODmay significantly impact the circulation near
West Antarctica during this period, affecting precipitation and sea
ice, compared to ENSO.
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